Subjects tracked a 2.3 deg target that stepped 5 deg, in a randomly chosen direction, each time it was foveated. Targets were coloured patches that were fairly close to white; in some cases precise matches ensured equiluminosity with the background. Viewing conditions provided good colour rendering and neutral colour adaptation. Pale colours were surprisingly well tracked. Multiple regressions showed that the colour and spatial characteristics of the target are important determinants of a primary saccade's latency. Significant factors included target size, achromatic contrast, tritanopic purity difference, and chromatic saturation. Colour-normal subjects always responded more slowly to yellow or blue targets which a deuteranomalous subject tracked quite well. Severely blurring the target had a consistent minor effect.
INTRODUCTION
Target contrast and sharpness are generally recognized as being important for detection and discrimination. Human factors studies of manual reaction times and visual search also support the value of coding the colours of a visual display in a task-relevant manner (Boff & Lincoln, 1988; Krebs, Wolf & Sandvig, 1978; Reynolds, White & Hilgendorf, 1972) . We ask how colour and edge affect the latencies of saccadic eye movements.
A tentative answer might be that saccades depend on the superior colliculus (Schiller, 1985; Fischer, 1987; Sparks, 1986) , a colour-blind structure that has large receptive fields (e.g. Schiller & Malpeli, 1977; Marrocco & Li, 1977; Mcllwain, 1976; Perry & Cowey, 1981) , so perhaps colour and edge should both be irrelevant to saccades. Also, a.usual laboratory practice is to employ quite small targets, brightly lit against a dark background; perceptual, manual reaction and saccadic studies agree that achromatic luminance or contrast is the prime factor determining latency for these viewing conditions, not colour (King-Smith & Carden, 1976; Nissen & Pokorny, 1977; Doma & Hallett, 1988) . Although Eggermont (1985, 1987) comparatively large stimuli of high achromatic contrast--adding colour to distinguish target from nontarget--the first study of saccades to colour seems to be that of van Asten, Gielen and de Winkel (1988) for 0.8 deg saturated red, yellow, or green squares at 8 deg retinal eccentricity on a yellow 22 cd/m 2 background. Their data show that high chromatic and low achromatic contrasts have comparable effects on latencies.
We have tried to ensure that colour is the actual cue in our experiments, by using a large target and a constant chromatic adaptation to give good colour rendering (Gordon & Abramov, 1977) . Frequent precise luminance matches between the target and the white surround minimize or eliminate cues from achromatic contrast. The use of pale colours emphasizes direct discrimination by physiological colour mechanisms, rather than secondary detection of a saturated stimulus by residual chromatic responses in a channel which is normally achromatic (cf. Valberg, Lee, Kaiser & Kremers, 1992 , for a related mechanism). Having a colour anomalous subject also checks that the observed effects are truly chromatic rather than a consequence of hypothetical achromatic cues available to all subjects. Largeness gives the target an extensive edge, a feature traditionally thought highly salient for reflexive saccades (Yarbus, 1967; Lewellyn Thomas, 1968) . Blurring counters this and any residual cues from chromatic aberrations. Our oculomotor methods encourage frequent saccadic tracking, much as in the "open loop" paradigm of classic servoanalysis (Young & Stark, 1963; Robinson, 1964) ; this ought to reduce the time available for higher-level contributions and so enhance the relative role of the colliculus.
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C. PERRON and P. E. HALLETT Our basic finding is that pale colours are surprisingly effective stimuli for saccades in these circumstances. The major target-related factors for latency prove to be target size, achromatic contrast, tritanopic purity difference Apt, and chromatic saturation. Although Apt was also important for the perceptual distinctness of coloured edges (e.g. Blatherwick & Hallett, 1992) , physical sharpness is a minor factor here, because severe blur has only a comparatively small effect on latencies. A general interpretation of our findings is that the basic properties of the colliculus can be substantially modified, during behaviour, by cortical input.
METHODS
Subjects viewed a raster display while eye position was monitored. If chromatic targets were to be used subjects began the session by making luminance matches. Push buttons gave the subject control of luminance matching, and initiated or halted the oculomotor trials.
(i) Stimulus display
Stimuli were presented on the 60Hz 1280 x 1024 pixels colour graphics system, described in Blatherwick and Hallett (1992) , which provides adequately high spatial and chromatic resolution for the present application (see also Blatherwick, 1989) . A sharp-edged or blurred target, of 2.26 deg diameter in nearly all experiments, could be revealed at one of seven positions on the screen [see Fig. l (a) and its caption]. The blurred target, shown in cross-section in Fig. l(c) , was a twodimensional Gaussian of 0.8deg standard deviation (SD), truncated at _+2 SD, and arranged to have the same peak intensity and total power (i.e. photons/sec) as the sharp-edged target. In the experiment of Fig. 4 only, target diameter was varied between 0.39 and 1.13 deg in steps of x/2. Other aspects of the stimulus arrangements were similar to Blatherwick and Hallett, e.g . the margins of the display were limited by a large translucent diffusing screen, placed between the video screen and the subject, and perforated by an out-of-focus hole equal in angular diameter to the height of the video screen (20 deg). This eliminated sharp edges from the vicinity of the targets and avoided any rapid spatial decline in luminance from the 24 cd/m 2 of the target display to the remote 0.7 cd/m 2 room lighting provided by shielded tungsten lamps. Table 1 gives chromaticity coordinates of the stimuli, plus derived values that are explained later in the Results. The full set of colours represents complementary pairs, close to and symmetrically placed across the white point, and all equally distant from it on a Uniform Chromaticity Scale (UCS of CIE, 1976) . The three small circles about the white point in Fig. 2 
O'i) Colorimetry
u' + 7.002v' -3.398 = 0
u' -1.043v' + 0.263 = 0
u' + 0.958v' -0.648 = 0 <pyg > axis
The Y and B colours of the <yb> axis lie on a tritanopic line passing through the white point and the standard observer's tritanopic confusion point for foveal vision (Wyszecki & Stiles, 1967) . This is necessarily an Macleod and Boynton (1979) deviates from this by < 0.0004 in chromaticity coordinates, which is less than the chromatic errors given for this apparatus in Blatherwick (1989) .
(iii) Luminance matching
Luminance matches for 5 deg retinal eccentricity were made at the beginning of each experimental session for 0.2sec alternations between sharp-edged targets of complementary colours. , , , , , 1.6 (Blatherwick & Hallett, 1992) . The saturated phosphor colours are indicated by + signs.
motion of the triangular patterns formed by triples of similar targets in Fig. l(b) , while the precise setting minimized flicker and edge sharpness for all six targets, meeting the requirements for a luminance match (Wagner & Boynton, 1972) . The required precision of <2.5% SEM was given by 3-20 settings. Viewing conditions during matching were otherwise as in the oculomotor experiments, and the 0.2sec duration was consistent with saccadic latencies.
(iv) Eye movement recording
The eye monitor was a two-dimensional infra-red corneal reflection tracker [500 Hz, 2 arc sec resolution (Eizenman, Frecker & Hallett, 1984) ]. As the target was constrained to make 5deg steps, reasonably accurate tracking should only stimulate retinal areas close to 5 deg retinal eccentricity. To ensure this the on-line analysis program placed an invisible square (goal area) around the target, but about one foveal diameter (1.0 deg) wider. At the end of each trial a 170 msec tone registered acquisition of the goal. In 80% of cases a low pitch indicated a successful trial where foveation was achieved by either a primary saccade or a primary and secondary saccade pair; the 170 msec duration provided sufficient time in practice for any additional corrections before the start of the next trial. The two alternative outcomes, signalled by medium or high tones, were acquisition of the goal by more than two saccades (which might represent searching movements) or apparent failure to acquire the goal (blinks or instrumental nonlinearities); these were rejected uniformly across conditions and a random foreperiod of 1.5-2.5 sec introduced before the next target step. An interactive off-line procedure checked the successful trials, computing (i) that the goal-zone criterion was met, but for summed saccadic amplitude rather than the apparent total change in eye position (to test for artefacts due to slow head shifts); (ii) that the latency of the first or primary saccade was not less than 100 msec [in which case there might have been guessing (e.g. Kalesnykas & Hallett, 1987) ]; (iii) that apparent eye velocity was <800deg sec (not a blink); and finally (iv) rejecting latencies more than two SDs longer than the mean. Histograms and scatter plots typically showed a single well-behaved distribution. Offline rejections were about 10%. Latencies may be corrected by -5 msec 2 in variance to allow for target position on the screen raster.
(v) Procedure
Subjects were given 1-3 training sessions, and each experimental session was preceded by a few practice trials, but the experimental design did not otherwise allow for training effects as these typically amount, in this laboratory, to only a few msec over thousands of trials at the foveating task when targets are adequately randomized (e.g. Hallett, 1978; Kalesnykas & Hallett, 1995) . During a single oculomotor trial one of the seven targets in Fig. 1 (a) would be revealed while the other six remained hidden. Four of the seven might have sharp edges while three would be blurred, and three would be of one complementary colour and four the other. There were two different tracking protocols. The main experiments, referred to later as frequent or "quasi-openloop" tracking, kept the subject very busy, one trial flowing immediately into the next, so as to minimize any possibility of introspection and reflection. In this case the 170 msec tone that indicated successful foveation of the target [(iv) above] terminated the current trial; it was followed at once by the next trial which began immediately with another random displacement of the target with equal probability to one of its 3-6 neighbours at 5 deg distance. The control protocol randomly interleaved the 170msec delay with a 1.5 3sec random foreperiod before the randomly directed displacement at the beginning of the next trial. In either case the entire display was rotated 60 deg or switched in polarity every 24-25 trials, and the random stepping sequence changed, so that after 150 trials half of the revealed targets would be sharp or blurred and one or other colour, at random.
After every block of 150 trials the subject rested, the oculomotor calibrations were repeated, and the target changed in size, achromatic contrast, colour pair, or saturation. Statistical analysis did not show any dependencies of regressions on the order of blocking the stimuli. During any 10sec period about half of the targets were randomly one colour of the pale complementary pair, and the remainder the other colour. This, and the white adapting surround, guaranteed neutral adaptation and an absence of after images. In addition, when the relevance of the target size was being investigated, the target was either sharp or blurred with 0.5 probability on each step. A session of 800 trials and all calibrations required about 90 min. Each point in the figures is typically based on 50-75 latencies, or 100-150 in Figs 7(b) and 9(b).
(vO Subjects
There were four trichromats, two female (CB and HH) and two male (AM and PH), two being 20-25 yr (AM and CB) and two 50 yr (HH and PH). CP, a 25 yr male, was deuteranomatous by anomaloscope and Farnsworth D-15 testing. CB, HH, PH and CP were experienced subjects, AM was naive. All reported that the targets were in good focus, except HH who was slightly hyperopic; CP wore contact lenses.
RESULTS AND DISCUSSION

(i) Eye movement patterns
The first 10-15 oculomotor trials, following the luminance matches at the beginning of each session, were practice trials; these were run slowly with ample time for fixation at the end of each target displacement so as to allow equipment checks and xyt plots of eye position.
The four subjects (plus three others studied by R. Deonandan) tracked the target and, with scarcely an exception, never made direction errors to examine empty target locations. It was always possible to find records where the primary saccade ended near the edge of a sharp target, and the eye then drifted either towards the target centre or along the edge. A similar tendency favoured an annular region midway out from the centre in the blurred targets. However, the records in Fig. 3 show that these tendencies were not strong. Also we did not attempt to distinguish between actively foveating the "edge" of a target and systematically undershooting its centre by an amount roughly equal to target radius.
Discussion. Two classical studies stressed the importance of edges in determining what is foveated (Yarbus, 1963; Lewellyn Thomas, 1968) , while recent research has emphasized "spatial averaging" (Deubel, Findlay, Jacobs & Brogan, 1988) , or cognitive factors (He & Kowler, 1989) . The edges of our sharp targets are not especially salient, and the effects of blur on saccadic aim are not striking.
(ii) Quasi-open-loop tracking
In the main experiments the target stepped to a randomly selected position 5deg away, shortly (170 msec) after it was foveated--so target displacements were frequent (e.g. 2 3/sec). Randomization of direction was appreciable, given the seven possible target positions in Fig. 1 (a) . The latency of the primary saccade could be short or long, depending on the visibility of the target. A control study randomly interleaved trials with a 170 msec delay and trials with 1.5-3 sec random foreperiod. Latencies were shorter on average and reduced in SD for all target conditions in the frequent tracking protocol. Regression analysis showed that the improvement in mean was 15 _+ 3 msec for achromatic targets on a white screen, and 47 _+ 3 msec for chromatic targets. Because subjects were more alert, and targets well randomized in position and appearance, frequent tracking was selected for the main experiments.
Discussion. Some subjects feel that the target is dragging their eye around the screen in this paradigm, as in classical open-loop servo analyses (Young & Stark, 1963; Robinson, 1964 )--which is consistent with quasiopen-loop tracking being more reflexive than voluntary, even when latency is increased 70-100 msec by limited target visibility. It might be suggested that "express" saccades should be even more reflexive, because of their very short measured latencies, but the current view is that each latent period in the express task is preceded by high level operations requiring appreciable "set up" time--so the overall planning for express saccades need not be any more reflexive than that of open-loop saccades (Fischer & Weber, 1995; Hallett, 1995) .
(iii) Minor factors
Variables for routine multiple regression analysis (SAS, 1985) included the experimental parameters, as well as reciprocals, squares, or combinations. Statistical models were built for each subject by the usual stepwise methods, using both forward and backward elimination techniques, and both latency and its logarithmic value (which being better distributed helped in ordering the significance of the variables). Typically at least 90% of the experimental averages for each combination of factors fell within 20 msec of the values predicted by the Responses to achromatic targets by two subjects, the targets along the descending diagonal being blurred, the others sharp. There is some tendency to end near the edges of the targets and drift towards the centres, although the second saccade in (a) and the fifth in (b) are made directly towards the target centres. (c, d) Similar observations apply when the same subjects track equiluminous chromatic targets. The targets on the descending diagonal were yellow and blurred, the others blue and sharp. In (d) there is a very rare direction error, the fifth saccade being towards the empty centre when the target was actually at the bottom right.
models. The usual contribution to the total r 2 from target size, edge or colour was around Ar E = 0.4 (range 0.24).6). Positional contributions were much smaller, e.g. Ar 2= 0.04 (0.024).06) for the absolute position of the target in the display and Ar2= 0.02 (0.00~).04) for the retinal meridian of the target at its onset.
Discussion. Note that the Ar E values are based on the latencies of individual primary saccades, not on means. Spatial and colour characteristics of targets are important determinants of trial-to-trial saccadic latency in our experiments, while positional aspects of the display (or, equivalently, the directions of the saccades) are not.
(iv) Target size and edge Figure 4 shows the effect of size for isoluminant yellow Y or blue B targets, or achromatic light L or dark D targets. The presence or absence of blur is a parameter. Each latency mean is for 75-150 primary saccades. The abscissa is log scaled in steps of x/~. In this and other figures the capital letter of the colour name is followed, for L or D targets by a numeral to indicate achromatic contrast in units of 3.8% (achromatic targets are mostly L2 or D2 of 7.6% contrast), and for all targets by a subscript s or b to denote sharp or blurred edge.
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For subject HH the plotted latencies to the L2 and D2 targets are decreased by 50 msec in Fig. 4 to reduce confusion. For all three subjects halving the target area (one step on the abscissa) has no systematic effect, whereas reductions below 1-2 deg diameter increase latency appreciably. Y or B latencies are typically longer than achromatic. Regression analysis for the chromatic targets showed a strong relation between latency and the reciprocal of target area, with minor terms for colour and blur. An additional radius term was needed to account for the minimum in subject HH's achromatic latencies. The constant of proportionality for inverse target area was around 30msec.deg 2 (range 12-54) across all types of target for the three subjects, corresponding to 55msec latency difference between the smallest and largest stimuli. Adding blur increased latency by an additional 23 msec on average (range 12 31). Other effects were very small. Discussion. The target diameter of 2.3 deg for the main experiments were chosen to conform as closely as was practical, in an oculomotor experiment at 5 deg retinal eccentricity, with the colorimetric requirement that targets be large for good colour rendering. Targets in the literature are often much smaller. The present data suggest that our standard target size is not a limiting factor. The sharpness or blur of the target edge seems to exert a relatively small influence on latency, as latencyarea functions are shifted vertically by only 10-20 msec. Some oculomotorists might wish to attribute the minor effect of blur to the existence of substantial neural blur within the saccadic sensory pathways, given recent findings (Deubel, Wolf & Hauske, 1984; Findlay, 1987; Munoz & Guitton, 1989) ; however, manual studies with grating targets similarly imply that the high spatial frequencies are generally less important for latency than the low (e.g. Tolhurst, 1975; Harwerth & Levi, 1978) , so a specifically oculomotor explanation may not be needed here. Also, as latencies in Fig. 4 are changing little for the largest two targets, the implicit receptive field centre is likely < 1-2 deg in extent at this eccentricity. Latency changes little above about 10% contrast. Although subject CP tracks sharp or blurred achromatic targets reliably at 3.8% contrast, PH only does so if the edges are sharp, while the other subjects require 7.6% to track reliably.
(v) Achromatic contrast
Discussion. Saccadic sensitivity to low achromatic contrast is already known to be fairly high. Saccadic and perceptual thresholds were both around 6.5% in the study of van Asten et al. (1988) , which is probably comparable with the present values if some allowance is made for their smaller targets.
(vi) Chromatic vs achromatic targets
Figure 6 plots for four normal trichromats the colours in spectral order from blue to red, with the relatively low contrast (7.6%) light and dark achromatic targets, L2, D2, offset at the end of the abscissa. Chromatic saturation is for targets on the 0.022 circle of Fig. 2 . Chromatic latencies vary, the shorter values being comparable to the achromatic. Regressions show that the major variables in decreasing order of importance are Y or B (i.e. either one vs the remaining factors), L2 or D2, Y vs B, and blur. The last but one is due to latencies for Y being about 25 msec shorter than to B.
Discussion. The present experiments with pale targets show clear effects for desaturated hues. In the experiment of Goodwin (1973) , where monochromatic targets of equal luminance were presented against darkness, there were necessarily large achromatic signals, and the finding that latency was independent of wavelength was to be expected (Nissen & Pokorny, 1977) . Our chromatic latencies tended to be longer than the achromatic, though this was not invariable. Comparable behaviour for manual latencies has been attributed to a transient/sustained dichotomy in the nature of the respective neural responses (Schwartz, 1985 (Schwartz, , 1992 .
(rio Chromatic effects
The chromatic latencies for the normal trichromats in Fig. 6 show an appreciable (,~50 msec) increase for yellow Y or blue B targets. In fact the latencies in Fig. 6 parallel the ordinate of Fig. 7(a) , which is the negative logarithm of the tritanopic purity difference (-loglAp,I) between the target and its white surround. Latencies for the deuteranomalous subject CP show a different pattern in Fig. 7(b) being low for Y and B and inflated for red R or green G targets; his latencies parallel the colorimetric quantity -loglABI of Fig. 7(c) . Regression analyses give factors of around -20 or 124 msec/log respectively when -loglAptl or -loglABI are the variables.
Discussion. The tritanopic purity difference is a widely recognized predictor of the perceived distinctness of chromatic borders in foveal vision, but it has not been previously applied to latencies. More recently it has been suggested that additional terms for the B cones and rods allow better predictions for 2.5 deg retinal eccentricity (Tansley & Robertson, personal communication, 1986 , cited in Blatherwick & Hallett, 1992 . Tritanopic purity Pt expresses the differential stimulation of the R and G cones by a single colour, while -loglAptl expresses the inability of the R and G cones to distinguish the target from the white surround. When -loglAptl is large it is usual, in the perceptual literature, to expect little or no discrimination by the R and G cone mechanisms (Valberg & Tansley, 1977; Tansley & Boynton, 1978; Tansley & Valberg, 1979) . As latencies are long here, the strong inference is that the B-cone mechanism in normal trichromats contributes more weakly, or with longer delay, than the R or G mechanisms. The same claim has been made for manual reactions (Mollon & Krauskopf, 1973; Kranda, 1983 ; see also Brindley, DuCroz & Rushton, 1966) .
The deuteranomalous subject CP shows a different pattern of latencies to the normal trichromats when tracking colours. This suggests that the subjects are not actually tracking some hypothetical achromatic artefact when a pale coloured target is used. His latencies are TARGET COLOUR TARGET COLOUR FIGURE 6. Effect of target colour on saccadic latency to sharp and blurred targets for four normal trichromats. Standard errors are not shown unless larger than the symbols. fitted by the variable -loglABI which expresses the weakness of B-cone modulation (MacLeod & Boynton, 1979, Methods) . On the basis of the normal trichromat data one prediction might have been that deuteranomalous subject CP should track most colours equally poorly, but instead he seems to make good use of his B cones, tracking Y and B with shorter latencies than the colour-normal subjects. A different type of chromatic effect might arise from pairing colours in ways which cause chromatic adaptation or conspicuous after images. Though the data are not shown, pairing Y targets with all other chromatic targets in turn, including Y, yellow-green YG and purple P, modestly affected latencies (~ 20 msec, variable for the three subjects), so it seems that pairing complementary colours in the main experiments was a sensible precaution.
(viii) Effect of blurring
The present degree of blur is perceptually striking and its effect on latencies is easily detected by inspection of Figs 4, 6 and 7(b), or by statistical testing, but the increase is only 19msec (range 17-26) on average in Figs 6 and 7(b) . Although more data are desirable, it appears that the latency increase with blurring is greatest for light L2, intermediate for chromatic, and least for dark D2 targets.
Discussion. The utility of tritanopic purity differences, as a predictor for both perceptual border distinctness and saccadic latency, suggests the possibility of predicting latencies directly from blur thresholds. Thresholds for the perceptual discrimination of blur in coloured borders are sensitive to hue and retinal eccentricity. Given the perceptual results with the present apparatus (Blatherwick & Hallett, 1992) a prediction for 5 deg eccentricity, where the perceptual chromatic thresholds are about equal for the various colour directions, is that physical blur should increase all chromatic latencies about equally. This seems to be approximately true.
A weaker prediction--not observed is that blur should have a large effect on latency, because the present blur is severe with a space constant 8 or 20 times the respective chromatic or achromatic perceptual threshold. Two reasons for failure here are (1) differences between the perceptual and saccadic displays (e.g. the present targets are about 4 times shorter in edge length), and (2) the necessity of distinguishing between the body and edge of a target. The achromatic perceptual mechanism is spatially bandpass and responds only to the edge between target and surround, while the envelope of the chromatic mechanisms is lowpass for equiluminant displays (Mullen, 1985) . Consequently colour discriminations in general can be based either on the response at the edge or on the responses at positions away from the edge, within the bodies of the colours. Simple predictors like the tritanopic purity difference contain no spatial variable. And while the predictions from Blatherwick and Hallett are explicitly for edge discrimination, it remains possible that purely chromatic latencies are actually determined by body responses. (For other discussion see Section iv.) showing latency for sharp edged targets as a function of hue, for two normal subjects and deuteranomalous CP but chromatic saturation is now varied between blocks of trials, as shown by the parameter rc~ E which indexes the radius of the isosaturation circles in the UCS of Fig. 1 . At the highest saturation, latencies vary less with hue and seem generally comparable to latencies for an achromatic contrast of 6-8%. Figure 8 (c) shows a relationship that allows for both the differential R/G cone stimulation and saturation--latencies for two trichromats are correlated with the variable -logiApd, normalized by rc~ E. Though not shown, the analogous quantity, -log(lABI)/rc~E, gives an equally useful account of deuteranomalous CP's data in Fig. 8(c, d) . When the regression equation incorporates a small (20 msec) allowance for the differences between Y vs B, or R vs G etc, then the overall correlation of latency with target variables is as good as r2= 0.6 (0.5 0.8).
(ix) Effect of chromatic saturation
Discussion. Sufficiently strong isoluminous chromatic contrasts can be tracked about as well as weak achromatic contrasts, which recalls the situation for manual reaction times [ (Troscianko & Fahle, 1988) squares of 0.6 deg side at 4 deg retinal eccentricity]. Note that our strongest saturations are still weak. For smaller targets van Asten et al. (1988) showed that chromatic isoluminous targets on a yellow background are about as well tracked as isochromatic targets, when the chromatic contrast is about 15 times threshold and the isochromatic contrast is about 1.5 times threshold.
For Y and B targets increasing saturation causes a stronger modulation of the B cones relative to the R or G mechanisms, which are ill-suited to distinguishing these colours from the white surround. The consequent reduction in latency indicates that the B cones do affect saccadic latency. It would therefore be incorrect to refer to the Y and B latency effects in normal subjects as indicating a strong degree of "saccadic tritanopia".
(x) Effect of adding achromatic contrast
The experiment in Fig. 9 gives mean saccadic latency as the ordinate, with isoluminous colours at zero on the abscissa. The effect of adding dark or light achromatic contrast is plotted to left or right of zero. Latencies to pure achromatic contrasts of + 3.8% or 7.6% are shown by dashed lines which have been shifted up or down at top and bottom right by 25 or 50 msec for clarity. For the trichromat Fig. 9(a) shows that +3.8% of added achromatic contrast reduces chromatic latencies by 24 msec on average. For the deuteranomalous subject in Fig. 9 (b) the average reduction is 40 msec, with the reduction for R or G targets being closer to 200 msec. Discussion. A 3.8% added achromatic contrast can make a very large difference to the perceptual distinctness of a long coloured edge (Blatherwick & Hallett, 1992) , but the present targets have a 4 times smaller perimeter and the van Asten et al. data suggest that a 3.8% contrast is probably at the perceptual threshold--and some of our subjects could not track L1 or D1 disks. However, when this small achromatic change is added to equiluminous coloured targets, latencies are appreciably reduced, particularly the longer ones. This confirms the importance of making frequent precise luminance matches when pure colour is the stimulus. Interestingly, a comparable achromatic-chromatic interaction was not observed for two short-latency saccadic populations under the "gap condition" [express-130 or fast regular-155 saccades (Weber, Fischer, Bach & Aiple, 1991) ], which may be consistent with shorter latency saccades often depending more on nonvisual, or less visual, inputs (e.g. Becker, 1976; Hallett, 1986) . luminance increments or decrements for neuronal responses to end-spectral colours [e.g. R or B (Wheeler, 1979; Yoshioka, Dow & Vautin, 1988) ], but our saccadic latencies do not reveal any convincing correlations.
SUMMARY AND CONCLUSIONS
Summary
Saccades are the output of a hierarchically organized sensory-motor system, so both high and low level factors must be considered (Steinman, 1986; Hallett, 1986 ). We have tried to limit the contribution of cognitive factors to experimental variance by randomizing targets and stepping them as frequently as possible. Quasi-openloop saccadic tracking of large pale targets in open white fields does show definite dependencies on stimulus characteristics, despite the broad chromatic bandwidths employed. Regression analyses show that target descriptors make a significant contribution to trial-to-trial variance, whereas the absolute position of the target on the screen, or its direction relative to the fovea, are only minor factors. Given the importance of pace and rhythm in motor behaviour in general we wonder whether these also contribute to the unexplained variance. The major findings are high sensitivity to achromatic contrast, dependency on size for small sizes, minor sensitivity to edge blur, delayed responses to yellow and blue targets for normal trichromats (but not for a deuteranomalous subject), and the approximate equivalence of achromatic and chromatic contrasts if chromatic saturation is sufficiently high. Of these findings the last in particular might be further explored by first equating stimuli relative to their contrast thresholds, as did van Asten et al. (1988) . One consistent observation throughout is the weakly tritanopic character of saccades in normals; there is no true tritanopia, however, because tracking is good at higher chromatic saturations and in deuteranomaly. Another consistent finding is the comparative insensitivity of latency to severe blur. Several of these findings have since been replicated in experiments where the subject tracks a target that is partly obscured by intervening coloured obstacles (Perron & Hallett, 1995) .
Mechanisms
Although motor physiologists identify a central role for the superior colliculus in the genesis of most if not all primate saccades (e.g. Sparks, 1986; Schiller, 1985) , it is intrinsically unsuited to tracking pale coloured targets. The colliculus has little or no ability to discriminate colour: B-cone input is missing, moving isoluminous borders produce no response, equal luminance red and green targets are not distinguished, and direct stimulation produces colourless phosphenes (Marrocco & Li, 1977; Schiller & Malpelli, 1977; Tasker, Organ & Hawrylyshyn, 1982) . Also its large receptive fields of magnitude 10deg or more (McIlwain, 1976; Perry & Cowey, 1981) may not be consistent with the present area dependencies for targets of around 1 deg in size.
Presumably one major role of the cortical contribution to the colliculus is increased chromatic bandwidth, permitting the tracking of pale chromatic targets in our experiments at the cost of some extra delay. Both the magno and parvo retino-geniculo-cortical projections can be expected to contribute to the present latencies. Although our precise luminance matching guarantees that the retinal levels of the magno path are close to quiescence, not all magno cells have exactly the same match point, and it so happens that their residual discharge at the match point follows the colorimetric variable -log]Apt ] which describes out data, i.e. magno cells show minor indications of a type of R/G opponency (Kaiser, Lee, Martin & Valberg, 1988; Lee, Martin & Valberg, 1988; Valberg et al., 1992) . Also achromatic stimuli are very effective targets, and we find that the addition of quite weak achromatic contrast to coloured targets reduces latency. The parvocellular path is known to be active at our match point, which may fit isoluminous stimuli being very effective targets at the higher chromatic saturations. Its R/G opponent cells can also be expected to follow a metric similar to -loglAptl. Flexible behaviour may well require flexible selection from various sources of sensory information.
